EFFECT ON TEMPORAL LOBE SYNDROME OF LESIONS ELSEWHERE IN THE CEREBRAL CORTEX OF MONKEYSt
The interrelationships of the temporal and frontal poles, parts of the so-called association areas of the cerebral cortex, are of interest for the understanding of many behavioral processes. These are the cortical areas which are suspected of integrating complex behavioral activities since their removal or absence produces changes in total performance which can be objectively measured in various ways in both man and lesser primates.' In these regions, more than any others of the cortex, comparison of function between man and monkey has been profitable. The lobotomy and lobectomy procedures, now relatively common therapeutic measures for man, are based entirely upon previous studies in the monkey and the chimpanzee." " "' That a functional interrelationship between the various association areas exists is to be expected from what is known of developmental and structural sequences. Thus, the frontal and temporal areas, with which this paper deals, each have an extensive lateral region which develops very late in the evolution of cortical dominance; the cat and dog, for example, have relatively little actual cortical tissue in these areas. Each region has also a mesial part which belongs to archicortex, yet is closely associated with its more recently developed neocortical region. Each is an "association" area, and as such is not primarily related to either receptor or motor function; direct stimulation in either man or monkey produces no perceptible physical change. Each unit has marked bilaterality of function such that unilateral ablation from one hemisphere has little effect, while bilateral ablation causes notable alterations in behavior. Each region, furthermore, has multiple neuronal connections with the other. The lateral tip of the frontal pole and the lateral surface of the temporal, which are neocortical, have direct fiber tract connections.2" The mesial surfaces, both older regions, are also interconnected because area 24, the mesial rostral cingulate gyrus, sends fibers to the mesial surface of the temporal pole."
Investigation of functional relationships between these two areas becomes of added interest because in contrast to the above evidence of structural and functional similarities, the well-known syndromes which result from bilateral ablation of the two regions seem, in many ways, completely opposite. Bilateral ablation of the frontal poles is followed by an increase in total activity such that the monkey becomes restless, hyperactive, and has an exaggerated startle response.' But, the monkey with bilateral temporal ablations becomes sedentary, quiet, passive, and without fear.8 These syndromes are easily distinguished in a monkey colony and it is difficult to find similarities between their patterns. For these reasons, therefore, it was decided to observe the combined effects of ablations from the two areas in an effort to find behavioral relationships, if such occurred.
METHOD
Eighteen normal monkeys, Macaca mulatta, were used in this series. All were observed over a period of months prior to operation. Normal EEGs were run throughout this period and at intervals following the operations. These will be reported elsewhere.
The monkeys then had unilateral or bilateral surgical ablations of the various frontal and temporal areas. These were carried out according to a well-routinized sterile procedure.5 By the second postoperative day the animals were well enough recovered to be observed for changes in performance. Their total behavior was then observed and noted for a period of many months during the development and maintenance of their chronic syndromes.
Three ablations were performed in this series. The frontal ablation consisted of the removal of all tissue rostral to areas 6 and 8 of Brodmann (Fig. 1) . The ablated areas were, thus, areas 9-12 inclusive. Temporal ablations were made, cutting directly through from the lateral surface of the temporal lobe to the mesial, at the level of the most lateral portion of the central sulcus above the Sylvian fissure (Fig. 2) . Care was taken to remove all tissue below the Sylvian fissure and to reach the mesial surface. Occasionally, but not frequently, the anterior tip of the temporal ventricle was opened. A third ablation was carried out when the syndrome of the cingulate gyrus was found to be significant. Figure 3 shows the extent of the lesion which removed all of area 24 in the rostral portion of the cingulate gyrus.
Second and third operations were made only when the animals had been observed to reach a steady state following the initial procedure, usually after a period of about six months.
DATA
In the course of this study the well-known syndromes characteristic of ablations from a single association area were reproduced. These will be described briefly.
Frontal poles. Bilateral ablation of areas 9-12, the frontal association areas, always produces a great increase in total activity.7 There is a perseverative quality to the Studies on temporal lobe syndrome IKENNARD performance. The monkeys become less aggressive but are very watchful of all activity about them. They can usually be seen, high in the backs of their cages, jumping about, vocalizing, and making faces. They will, however, descend to snatch food rapidly and then return to their perseverative hyperactivity. In spite of increased total activity, their pattern of performance is much more stereotyped than that preceding operation. They circle constantly, usually in a well-beaten pathway across and about their cages. When they are left alone, unwatched, their activity diminishes but is still greater than in the preoperative stage. This syndrome is permanent for at least a two-year period. Area 24. Bilateral ablation of the cingulate area, in contrast, produces a quiet, passive, and "soft" animal which has lost aggressive tendencies and consequently is unable to exist in a cage with a normal companion who easily acquires food and all other preferential cage dominance.4' -13 These animals sit fairly still under observation; there is no hyperactivity and no perseveration. There is always some return to more normal function, an increase in the variability of performance.
Temporal poles. When the temporal lobes are removed bilaterally and when the mesial, ancient portion is included in the removal, the monkeys become passive, hypomotile, and are said to have lost fear and developed curiosity.8'2 These are the animals which nose and smell anything which they observe. They are apparently without the fear and animosity toward man which is normally shown by this species of monkey. For example, the net in which they are caught will always produce signs of rage and fear in the normal monkey and in those which have had the frontal tips or cingulate gyri ablated. But the bilateral temporal animal calmly regards this net with an unusual amount of interest, as he does any other object brought to his attention. He maintains discrimination, however, since he will nose and smell anything but will eat only the foods which he recognizes. There is always, in this laboratory, some return to normal behavior following the bilateral ablation.
In this primary temporal procedure two elements were considered and eliminated because neither apparently had any effect in the observations to be reported here. A hemianopia from injury to the optic tract might alter behavior and must therefore be considered. But, in the present series, only two animals had a demonstrable hemianopia following removal of a temporal pole. In each the symptom was transient, lasting about two weeks following operation. In neither could any difference in the temporal syndrome be detected when the final operation had been completed. There is no evidence from the observations of others that hemianopia plays a part in the temporal syndrome. 8 A second possibility which arises from observations of the animals' behavior is that olfactory sense plays some part in the syndrome. The olfactory tracts, mesial in the temporal pole, may easily be damaged by the operation. For this reason the olfactory tracts on the mesial surface of the frontal lobes were cut at a primary operation in two monkeys. It is assumed that the animals became, thus, anosmic although no change in behavior followed the procedure. When temporal poles were removed subsequently, the full-blown temporal pole syndrome developed including the nosing, smelling, and tasting of objects which is characteristic. Absence of the sense of smell, then, did not in itself produce any of the characteristics of the temporal syndrome nor did it alter the subsequent development of that syndrome.
Comibined lesions. Combined ablations of these areas produced, of course, a combination of symptoms. The total picture and the quality of the behavioral interaction is of interest. All combinations of seriatim ablations were made, using the six areas above noted, that is, left and right frontal and temporal poles and anterior cingulate areas. The final effect was always the same and had no relation to either the sequence of ablations or to the time interval between these.
Removal of both temporal and both frontal poles always resulted in an animal having marked and permanent behavioral changes which were far more deviant from the normal than those produced by either ablation alone. These monkeys if left alone appeared quiet and apathetic; if aroused by our approaching the cage, or by a noise, they produced a perseverative pattern which had many of the characteristics of the frontal animal, marching up, down, and about the cages incessantly. Although not as hyperactive as the frontal animals and not as quick or violent in their movements, they retained a "purposeless" increase in total activity from the frontal syndrome. They retained also the absence of fear and the increase in "curiosity" of the temporal animal; in fact, in some animals, both these qualities became increased following the total combined lesion.
When cingulate gyrus removal was added to temporal ablation, a great increase in the "soft," depressed, and hypomotile behavior appeared. These animals were thought by those tending them to be ill, for they sat quietly in a back corner of the cage and moved very little unless rather strongly disturbed. They also retained the absence of fear and the increased curiosity. At times we thought these animals were unable to recognize well-known objects such as bits of food. This is a quality mentioned by Bucy and Kliiver in monkeys with temporal pole ablations. Such confusion in relation to objects offered seemed always greater when the cingulate had been added to the ablated temporal regions.
Addition of the cingulate gyrus to the ablation of frontal poles produced almost no effect. If the cingulate gyrus was the first region ablated, removal of the frontal poles produced the hyperactive perseverative pattern which was indistinguishable from that of primary frontal pole ablation. When, however, the cingulate ablation was added to a primary frontal pole removal, there followed a moderate and temporary reduction in total activ-ity, less restlessness, and less apparent speed of movement. Within a week or two, however, these latter animals could not be distinguished from those having only the primary frontal pole ablations. Similarly, there was no real difference between those animals having all six areas removed and those having only frontal and temporal poles, although addition of the cingulate gyrus ablation to that of the other always produced a temporary increase in the hypomotility and passive element of the behavioral pattern.
The effect of total removal of these association regions known to have functional and structural connections was always, thus, one of increasing existing patterns, the total picture being that of a confused and perseverative animal-far less alert, in less adjustment with his environment, and with a tendency to greatly reduced variety of performance.
Other evidence of functional interrelationships was also found. As has been stated above, unilateral removal of either a frontal or temporal pole has been known for many years to have no visible effect on behavior. However, unilateral removal of one frontal pole and the temporal pole of the same side always caused some temporary slowing and reduction of activity -a quiet, "soft" animal with minimal loss of fear and with some perseveration in performance. Here the change was transient and disappeared within a week or two following operation. The effects of bilateral ablation of orbital frontal surface were also observed and were found to be similar to those which result from total frontal pole ablation except that their effect was temporary and less marked.
DISCUSSION
The result of these extensive operations which have, finally, removed every association area of the cortex except that lying in the parietal lobe, has been the production of an animal drastically limited in the pattern of his motor performance and in his reactions to his environment. This is what was to be expected from previous knowledge but throws additional light on the total function of these areas in the normal state.
Firstly, no physical change of any sort was observed in these monkeys following any ablation. The observations were entirely on behavior and on cage performance, and no special measures of physiological function were carried out. But careful day-to-day observation suggested no field to which such observations could be directed. Only the specific behavioral symptoms of the syndrome of each ablation appeared. There was no change in gastrointestinal function as observed by intake and elimination; there was no marked change in urinary output; the autonomic system appeared unaltered as there was no pallor and no detectable change in vasomotor reactions; no paresis nor obvious sensory deficit resulted. There were no clinical epileptic seizures.
The outstanding changes in behavior can be related to two qualities and, ultimately, to a single change. With successive ablations these animals showed an increasing reduction in the variety of pattern of their performance. Perseveration and stereotypy were marked. They appeared to have a markedly diminished appreciation of and reaction to their environment. All objects or data perceived from the outside world were treated in the same way: i.e., by the temporal animal, by picking up, nosing, or smelling anything; by the frontal animal, by excessive and "purposeless" movement. There did not seem to be, however, any ultimate loss of discrimination with regard to these immediate stimuli. Recognition of food objects was immediate in every instance. The loss of variety of response to environment became greatly exaggerated with the combined lesions such that the animals appeared barely able to carry out cage activity in such a way as to maintain adequate health and nourishment.
It is difficult to analyze the syndrome with respect to its psychological significance; detailed analysis of learning and behavior by means of training techniques should ultimately be carried out in such animals. But the one quality previously detected by Jacobsen' and then by Malmo,' that of impaired immediate memory following frontal pole ablation, can be related to these patterns of performance if immediate memory be considered as related to the meaning of environmental objects. There are at present no such data for the temporal lobe in the monkey, but in man, memory patterns have been shown to have some integration in the mesial temporal 10 areas.
It seems possible, then, from present evidence that the combined synldrome has for its basic patterning an impairment of memory, recall or association, and that the interconnections of the frontal and temporal association regions may normally serve for integration of this elaborate function. The hyperactivity of the frontal animal would then be a pattern resulting from removal of motor association which must be so integrated in the intact animal as to result in less violent and more appropriate behavior. The slow and "soft" quality of motor performance of the cingulate or temporal animal is less easy to interpret but a similar reduction in motor performance is reported in man as related to the cingulate area.5 Bilateral ablations of the temporal poles in man are rare and no comparable observations have been reported for this region.
The relationship between archi-and neocortical areas adds further light as to the functional connections of frontal and temporal poles. The old, mesial portion of the temporal pole and the cingulate gyrus must be con-sidered as one unit from all evidence now available. These structures are early developed and directly connected one with the other. Their seriatim ablation in these monkeys produced augmentation of what is known as the temporal lobe syndrome. They are probably, then, parts of a single, relatively simple, and undifferentiated system which has been early elaborated in cortical development. The fact that the cingulate area has been shown to be a strong suppressor area,"3 and that it is related directly and specifically to the reticular system of the brain stem, emphasizes the fact that this archicortical system must have a basic and generalized function within the forebrain. This, according to the behavior of the animals of the present series and to the description by others of monkeys having partial lesions of the system, may relate to total emotional behavior and to some form of memory or recognition of the meaning of the environment.
The part played by the neocortical structures in relation to these functions is less clear, possibly because it is less fundamental and intense and more truly of an associative, elaborative character. The syndrome of total ablation of both neocortical areas was always a more intense pattern of deviation from normal than the syndrome which resulted from the partial ablation when either the frontal or temporal lateral cortical surfaces were left intact. There was an effect on the frontal lobotomy syndrome from temporal lateral ablation, thus demonstrating functional interrelationship. Primary removal of temporal lateral poles alone, however, has never caused any change in pattern of performance. Damage to these regions in man may be followed by emotional lability and by psychomotor seizures. No such patterns have been observed in the monkeys' simple cage behavior. From our basic knowledge of the temporal pole one would expect its associative qualities to be related on the one hand to auditory and olfactory function, and on the other to the elaboration and complex organization of behavior in response to very highly integrated learned patterns derived from emotionally charged environmental situations.
CONCLUSIONS
In a series of eighteen Macaca mulatta, combined seriatim lesions of frontal association areas 9-12, temporal association areas and anterior cingulate regions, area 24, have been made. The resultant behavioral changes have been studied.
1. No simple motor, sensory, or autonomic change resulted from either partial or total ablation of all these regions.
2. Seriatim removal of these areas always produced a more and more profound deviation from the normal pattern of behavior. Two basic qualities governed these changes: (a) an increasing limitation in the variability and adaptability of performance such that limited and perseverative activity resulted; and (b) a change in the relation to environmental objects which seemed to indicate a reduction in recognition of or reaction to the environment. This latter may have been the fundamental cause of the perseveration. It may have direct relationship to alterations in memory pattern which have been demonstrated by others in man and in the monkey.
3. These experiments illustrate the fact that the cingulate and the mesial portion of the temporal pole must be considered as one functional undifferentiated unit, and that these areas are directly related functionally to their more recently acquired frontal and temporal associative regions.
